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ONCE-THROUGH STEAM-GENERATOR SENSITIVITY CALCULATIONS”

by

James L. Steiner and Donald A. Siebe

Reactor Design and Analysis Group

Nuclear Technology and Engineering Division

Los Alamos National Laboratory

Los Alamos, New Mexico 87545

ABSTRACT

A series of TRAC-PFl/MOD2 thermal-hydraulic calcdations has

been performed to determine the effect of uncertainties in modeling

once-through steam-generator (OTSG) secondary-side phenomena on

the calculated behavior of Babcock & WIICOX potier plants. The cal-

culations were performed by varying parameters in t-orrelations for the

secondary-side phenomena. The parameters and transients were cho-

sen to show the maximum expected sensitivity of the calculated results

to the parameter variations. The parameters were :Slen varied over a

range representing the estimated uncertainty in tha correlation. In this

manner. the sensitivity of the calculated plant bchaviar to the modeling

unccrl~inties was determined with a reasonable number af calc~lations.

The sensitivity of calculated plant bchavlor to variJtil r.s in interracial

heat-transfer In the OTSG secondaries was dctcrmirwd in a series of

steam-gcncra;or overfill transient calculations. Ca!cuiations were per-

formed for a mwn steam line break (MS LB) transient LO quantify the

scnsltivlty to ~ariations in interracial drag in the secondaries: the in-

tcrf.lcial drJg wt]s varmd in these calculations to indlca[c the cff .cts of

clltr,]irlnlcrlt aIld dc cn:rainmcnt proccsscs, for vvhlch no specific mod-

CIS exist In the code. In addi[ion to the translcrlt c~lcul,]tmls. a series

of %l(:,~(ly stdlr c,]l,. [11.]lions was pcrformccf to dctorlllillc tllc sensitiv-

ity of the OTSG prinlary-to- second,]ry hc.lt tr~rlsfcr t ~ ttw Jssumcr.f

ft,lctlol~ of tIIl~c> wc[tcd by tllc auxili.]ry fccdwdtcr (AFW) lrlJcc[iorl

I 11P1)1,111(1110(1[-1 USC(I for the sensitivity calcul,ltior]s WJS q[lllllllcd by

l~crf(]rrtl,ll~; ,1 1)(.li( Ilrll,lrk c,~lcul,]liorl for a rl.]tllr,ll ciI(.ul.It I(IIl tc%l Irl [IIC

TM I 1 ~)1.lrl[.

TIIC r(wuli~ (JI itw 1~1,1111tr,lrlsmn~ ( Jl( 111.ltiorl~ ( (Jrlfirlll(.(1 tllc (’x

Ilc( Ir-(1 >l~r.kIIIVl!y [0 111(’v,lrlml I),lr,]rnrt(.r+ ,ln(l In{lI( ,1111(1I I,lrg(* ‘.cll%i

:Iv Ily (11 [Ii(’ MS I.11 r(~%lll[s 10 v,lri,ltiorl% ill tll(’ irllcrfdr Itll (Ir.lk. Wtwl .1%

III(I +(. II+ II IvIly III Ill!(’rf,l( 1,11twill tr,lrl~l(’r v,lrlilllr)rls WrI~ very 5111JII Ill

111(’~l(”mllll ~[’ll(=r,ll(}r (UM rllll ( .II( lll,lllt)rl~ 1 II(S ~.Ic,IIly ~1,111., ,11(Ill,l[lorl

● llII\ w(irk w.1~ I, JIIIII [i I,Y III{. U\ NIII 11..1I 1{1.~IIl,II,,Iy CtII, II II I~~,(III (hJI{f ) (~llIIr (II fVIII Il,lr

l{tj:II1.III*Iy 1<(U.I ,Ir, II l), vIiII], I ,11 A([ ,.1,-111[ v.ll,lilll,,ll



results showed that the condensation heat transfer during AFW boiler-

condenser mode is nearly proportional to the assumed wetting fraction.

Finally. the results of the benchmark calculation confirmed the abillty

of the TRAC-PFl/MOD2 code and input model to calcul.zs the OTSG

thermal center elevation for the conditions in the TM I-1 natural circu-

lation test. The results provide information for determining whether

additional experimental data are needed to improve the accuracy of

calculated OTSG behavior. If additional experimental data for OTSG

phenomena are needed, the results of the calculations indicate that

data to characterize interracial drag and entrainment/de-entrainment

at the tube support plates are needed more than data foi interracial

heat transfer or tube wetting.

SUMMARY
A study was performed to determine the impact of uncertainties in ths modeling of once-

thrOugh steam-generator (OTSG) secondary phenomena and plocesses on theim~l-1-vdraullc

system code calculations for plants with OTSGS. The study was a cooperative effort between

the Idaho Nation~l Enginccrlng Laboratory and Los Al~mos National Laboratory to deter-

mlnc whether the results of safety calculations for nuclear power plants could be significantly

;lffcctt.rd by the OTSG modeling uncertainties. and to identify additional experimental data

Ilrm-ls The methodology used for the study was to review all phenomena and processes not

fIJlly [ Il;]ractcrizcd by existing correlations and Identify the phenomena or processes most Iikcly

to impa(.t plant transient calculi, tions. along with the type of transient that would bc most

,Ilfc([cd C.]1[.111.ltlorls were tlmn p~rformcd witl] TRAC-PF~/MO[)2 and RELAP5/MOD2 for

tllc scl(~ctcd tr~rlslcnts ,]t the cstin~atcd extremes of the urrccrtainty in the phcnxncrlon or

Ilro( c>~ This proccdurc ldcnt, ficd tllc range of sensitivity of the calculated results to tile

rllod{llrl~ ijrlccrt,]lllly by dcf,llirlg tllc hounds of the range.

Tllc p,lr,lrlwtcrs v,]rlcd Irl the pl.]rlt tr,lnsicnt scnsitlvlty calculations were sclcctcd by

rcvlt.wirlg Jll of tllc OTSG pllcrlonwrlil ,]nd proccssc> and dctcrnlirllng the phcrlonwn.] or pro-

c[.~~r~ wtwsc rstllll.l[~d III)( {Srt,lirlti(’s woIIld Ilavc the grcntc>t impact ml tllc calculated rcsuits

III tlIIs [Jr(~[cdu Ic W)IIIC of tlw pll(’rlorllcna and prm CSSC5. sll(.fl ds flow- irlduccd vil]ratlorls. were

~llrn,l,,]tmj IJCC.I(I<C they arc not fully rcprcscmt:d Irl tlwrmal Ily(’rdulic code calculations The

brrl>l[lvily ( ,llt.[ll,l[l[)rls were tllcll p[”rfr~rtl}cd by v.lrylrlg tllc I]:lr,lr]lclcrs mmr ii range rcprc:icfll

IIIj: 1111.I“*[IIIIJI(*II Ijrl( rrt,llflly Irl tll~ ( orr~’~[]orl(llllg” Jltlrrlorllcrlorl” or [)ro( css The 1~.lr.]lllt~[rrs

I 11(Iw 11 I[)r v,III.111(~”1III [III, +IIIl+IIIVIty ( ,Ih 111.lliorls w(’rc tllr Irltrrf,l( 1,11Ilc,]t tr,]llsf{.r I]c[wm’rl

Illtm lIil IIIIl ,Irld v,l~](]r ~lll,I\r\ III tt]f’ () 1 SG >(I( ~)rl(l,lrl[.s (~ul)srqljrrllly r(.fcrrcd to as pllcllc)IIlrIl,I

II 1 1(1). JIIII Illl[”rf.lf 1,11ilrily, lIfIlwfmI-rI lIIIIIItl ,Irlfl V,I~IIlr III [lw 3P( i)fl{l,lrl[.~ (kill]>{’(llj(,rl.ly rvf(.rf(.[1

10 ■l% phl”lli)lll(vlml II Y3)

IIlc.lf.lli~l..li[ r ,111111,111[.11+ l[~r 1111.%l.ll.mI! IVIly %lIIIly w,mrc”r llfI\ImIl to %hf)w ttlc llImlXIII 11111I
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phenomenon or process. In this manner the maximum sensitivity

mated uncertainties in the OTSG phenomena and processes was

number of plant calculations.

A steam-generator overfill transient was chosen to quantify

heat transfer in the OTSG secondaries. In an overfill transient.

of calculated results to esti-

estimated with a reasonable

the sensitivity to interracial

the OTSG secondaries are

filled by excessive auxiliary feedwater (AFW) injection. during the overfill. the liquid In the

secondaries is heated by the steam in the secondaries and also by contact with the tubes.

The overfill transient was chosen because of the expected sensitivity of the secondary fluid

temperatures and primary system cooldown rate to the interracial heat transfer in the OTSG

secondaries. Overfill sensitivity calculations were performed with both TRAC and RELAP: the

varied parameter was the liquid-to-vapor heat-transfer coefficient in the OTSG secondaries.

A main steam !ine break (MSLB) transient was chosen to define the sensitivity to in-

terracial drag in the OTSG secondaries. In a MSLB transient. the affected OTSG secondary

repressurizes and voids rapidly. during depressurization, the flow and void distribution in the

secondary and heat removal from the primary depend strongly on the interracial drag in the

OTSG secondary. Therefore. the MSLB transient was expected to show the maximum sensi-

tively of the calculated behavior to variations in interracial drag. The drag coefficient between

liquid and vapor phases in the OTSG secondaries was the parameter varied in both the RELAP

and TRAC MSLB sensitivity calculations.

In addition to the plant transient sensitivity calculations, a series of steady-state calcu-

lations was performed to detelmine the sensitivity of the OTSG primary to secondary heat

trirnsfcr to the fraction of tubes wetted by AFW injection in the top of the secondaries. These

““mapping sensitivity calculations”” were performed with a series of assumed tube wetting

fractions to map the OTSG performance as a function of wetting fraction. Two types of map-

ping sensitivity calclllations were performed- natural circulation mappicg calculations were

pcrforrncd using RELAP to determine the sensitivity of the OTSG thermal center elevati6n

to the tube wetting fraction. and boiler-condenser mode (BCM) mapping calculations were

performed using a model of a single OTSG with TRAC to determine the sensitivity of the

corl(lcns.]tkn heat transfer in BCM to the wetting fraction.

TIIC RELAP and TRAC nlodcls used for the OTSG sensitivity calculations were based on

cxl~ting models of the Oconcc plant. The models used the same nodalization for the OTSG

prilnary aIId sccond~ry regions and silllil~r rlod~liza[ions for the loop piping and reactor vessel

conlponcrrts. The 2-D calculation option ill TRAC W?S used for the OTSG secondaries to

pmvidc a more accurate representation of the cross flows in the secondaries. The TRAC code

and modcl used for tllc sensitivity c,]lcul,ltions were quallllcd by pcrlorlning a bcncllrnark cal-

cul,ltIc)II fur a n,ltur~l circ(ll,]tioll tc~t ill tllc Three MIIC lsl~nd (T MI) pl.lnt and tl~crl comparing

tlw rc~ulls of Ihc calcul.]tion to d,lt~ frrmn the test.

The rcs(llts of thr 13CM m.~pping c,Ilc II1.It Inns S11OWthat Il!gll prirn,]ry-to sccol14.lry tlc~t

tr.]ilsfcr r,ltcs arc pos:, Ihlc In I]CM ;III(I ttl.lt ttlc [ICM Ilc,lt tr~nsfcr !r.]nsfcr r,ltc incrcascs

JIIII(IS[ Ilrlc,lrly wittl ttlc ,Is~iIIIIcd wct[[ll~ fr.l[. tlon. At the I,lrgm wct[:IIg fr,]~.twlls however.

ttw ill{ rc,lv III Ilc.}t tralll>f(r is sII~h!ly II”>%tll.lu Illw.]r. wll I[.fl llldl(..]tc~ tll,lt tlw Iw,lt tr,lnsf(-1

rll,ly III’ 1111111(’(1I]y (IIW of tllc flll]l ( OUIIII IIrll\ ,1111,1((JI1l to tlw lIIIIr ~llrf,l[ [’s rc]lltcr 111,111Ilrllllt’(f

t)y [II{. [ 011(111[ [ion I ,IIJ,I(.Ily of [11[- t[jlal ● 1 lIc $Ill%,livl!y to wrl[lrl~; fflt[ t,oll 111111(,It[’ ,1 rlm’[f

f[jr (f.11,1 IrI . 11.lr,l[ ~[”rlm III{’ AI-W 111111.WI 11111}: ~lr(]fllc III 1)1,1111I ,11[111.lII(IIIs Ilw<cvrr III(S
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condensation heat transfer during BCM reduces the vapor pressure inside the tubes, allowing

liquid to rise in the tubes and thereby reducing the condensation surface area. The need for

wetting profile data is thus diminished by this self-limiting/self-correcting characteristic of

BCM in plant transients.

The results of the overfill sensitivity calculations show that with increased interracial heat

transfer. the secondary pool temperature was increased silghtly and the primary repressuriza-

tion rate was reduced. Conversely. when the interracial heat transfer was reduced. the primary

repressurization rate was increased as expected. The results of the overfill calculations both

confirm the expected sensitivity to variations in the interracial heat transfer and indicate that

the magnitude of che sensitivity is very small.

The !vlSLB sensitivity calculation results show that when the interfaci’1 drag is reduced.

gravitational separation of liquid and vapor is increased irr the OTSG secondaries. With in-

creased phase separation. the AFW penetrates lower in the affected steam generator. resulting

in a higher steam line void fraction and increased primary heat removal. The MSLB calcu-

lations show a large sensitivity of the calculated results to variations in the interracial dri=g

during blowdown of the steam generator in the affected loop. The primary effect of the drag

variations was to alter the heat relnoval rate in the affected steam generator and the pri-

mary repressurization rate. The overall trends of the three MSLB calculations. however. were

not affected by the drag variations. although the major events were shifted in time by the

val iations.

Comparison of the TMI natural circulation benchmark calculation to test data showed

reasonable agreement between measured and calculated parameters. In particular. the calcu-

lated natural circulation flow rate was within the uncertainty of the measured flow rate. This

inaicates that the OTSG thermal center elevation and corresponding axial hca*-transfer distri-

bution were accurately calculated for the conditions in the TMl test. Additional experimental

datz for a wider range of conditions would permit a more complete qualification of the code

and model used for the sensitivity calculations.

The results of the BCM mapping calculations indicate that data for defining the AFW

tube wetting profile are of high importance for characterizing the BCM heat tral~sfer. Experi-

ence with plant transient calculations. however. shows that BCM is self-correcting and highly

dependent on pheromena elsewhere in the primary that affect the Ievcl in the OTSG tutms.

such zs the bre~k flow in a loss-of-coolant accident. The results of the overfiil and MSLB

<cnsltiv,(Y calculations show [hat expcrlnlcntal data to ch~ractcrize intcrfaci;]l drag and the

rcl,]tcd crltr~Irlrl~cnt /dc-cntr~inrllcr~t process at the tube support pl~tcs (for wh,c!l no models

exist) arc nccdcd mcrre than d,]t.] to ch.)racterize Intcrfaclal heat transfer.

1. INTRODUCTION

A wldc range of physical phcr~orllcrl,l ,Irld processes h,]vc bccil idcrltlfwd In Scc 5 th,]t can

occur in tllc SC( ond,]ry slrlc: of orwc tllrollgh stcirm generators (O TSGS) M.]ny of ttlrsc phc

norlwrl~ nrld pro(csscs c~n be Jc[ c~.itcly char,] ctcrizrd by corrcllltlons bnscd orl cxpcrlnwlltat

.lilt~ The cxI>tIIlg cxl]crir~lrrlt’11 di]:,l I),I<c. however. t% not sufli[ 1{rlt to flllly qu,~rltify ,]11of

tl~c pilcrwrncrl.1 and pro[cssm prBSIIIlr Irl ttlc OTSG SC( nn[l,]rirs Krmwrl llrlllt.ltlorl~ of t4c

rorrr=l,ltlorls for tllc w(-r~n,l,]ry >Irlc pll(=ll[]l~wrl,]. 511{11J\ w.111to lIIIIIILl Illrll Iw,I[ lr.]rl>fcr. Ir,ld

[(J urlt mt.llllty Ill ttlc rr.,llt~ of IIwrlll,ll Ily(lrcl!lli[ k,F\l(.111 ( OIIC pi{_-IIICtiorlk of rlli[ Itm,lr ~)[lw(mr

[)l,]ril I)i Il,lvii)r uli(l{-r [)()\ [Iil,IlcIl ,Il)rli,rrlliil ()~)cr,ll,ri}: ( oil[lltl[]rl~
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TABLE I

MAPPING SENSITIVITY CALCULATIONS

LANL INEL

Eight AFW BCM mapping sensitivity Eight natural circulation mapping

calculations for 0.26.0.787. 1. 5. sensitivity calculations for 0. 0.26.

1(!. 25.50. and 1007o AFW 0.787, 1, 5. 10, 25. and 50%

wetting fractions. AFW wetting fractions.

A study was performed in the spring of 1988 to quantify the effects of OTSG model-

ing uncertainties on overall calculated plant behavior. The study was a cooperative effort

between tbe Idahu National Engineering Laboratory (IN EL) and Los Alamos National Labora-

tory (LAN L) to determine whether the results of safety calculations for nuclear power plants

could be significantly affected by the OTSG modeling uncertainties. and to identify additional

experimental data needs. The methodology used for the study was to review all phenomena

not fully characterized by existing correlations and select the phenomena most likely to impact

plant transient calculations. along with the type of transient that would be most affected. The

phenomena and transient selection was a joint effort between IN EL. LANL. and the Technical

Advisory Group (TAG). Calculati.ms were then performed for the selected transients at the

extremes of the correlation uncertainty. This procedure identified the range of sensitivity of

the cal Ilatr+ rtsults to Lhe correlation uncertainty by defining the bounds of the range.

Steady-state and transient calculations for the sensitivity study were selected based nn

their expected sensitivity to the varied parameters. The steady-state calculations were chos-zp

to qu]ntlfy the steady-state sensitivity of the OTSG performance (as indicated by the primary-

to-scl.ondary heat transfer and thermal center elevation) during iruxiliary feedwater {AFW!

opcr~tion to the number of tubes wetted by the AFW. These “-mapping sensitivity calculatw:ls.

were performed with a series of as:umcd tube wcttlng fractions to map the OTSC perforrrall~=

as a function of wetting fraction. The l:~apping calculations performed for the sensitivity study

arc sumnl, ]ri~cd in Table 1. The bo~lcr-condenser rnodc (f3CM) mapping calculations -were

pcrfurnwd at LANL Virlth TRAC-PFl/MOD2 using an OTSG model with driver components

to Illi]int.lln const.lrlt Iuvcls m the primary and secondary sif!cs. Ttle model was used to

dct~rn~lnc the cnncfcllsation hc,]t-tr~nsfcr rate in f3CM as J furlr_tiorl of tube wetting fraction

arid ICVCI in ttw prlrll,]ry side of LIIC OTSG. 1 Im r.atur .11 c.ircul,ltlorl Ili.lpping Calcul.lliarls

wcrr pcrforlrwd at INEL wltll RELA1’5/M0D2 usirlg ir full pl,lr)t nmIlcl. These c.~lcul.ltlons

dc[cr.lllrl[-(l tlIc >tr.lrll gvrlrr.ltor ttlrrlllm]l ccrltcr clcv.llmn .]rld (.[)rrf!+l](}ll~lillg prim,lry sy*lc I. I

n,]tllr,ll Citcul,l[iorl flow dljrlng AFW o~}cr,ltior~ ;IS fltn( tiorls of tllc tljl)c wc[ting fractm[l ,Irld

smrmd.lry Icvcl.

1 I](1 lr,ll]~i(’nt ~.II[ 111.111(111~for tlI(I wlll+i[lvity stIIdy (TJIIIc 11) wrrc cho~crl to sI1[,w tli[~

rll.]xlrllllrll %rrl~illvlty 10 tllc valrird ~lcrr.lrllctrrs A str,lrll ~:cll[.r,ltor ovcrflll tr,lrl~irllt WJ+ ( lIosrIl

to qulmlrll,ly tll(’ %crl~ll,vlly [[) Irllorl.1[ I.11 Ilt=,lt tr,lrl~frr III tllr () 1 5C k(~([Jrltl,lrlcs Ifl ;lrl ovrrflll

[r,}rl%it.rll. III(I () 15(I \P[ !~rlil.lrll + ,Irr 11111”11Ily rxrr\\Ivc Al W Irlj(.( 11[)11 Illlrillp. tlIr ovrrllll 111(’
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TABLE II

PLANT TRANSIENT SENSITIVITY CALCULATIONS

LANL INEL

Nominal steam-generator (SG) overfill

plant calculation. transient initiated by

loss of Offsits power.

SG overfdl plant sensitivity calculation

with 0.1 multiplier on interracial heat

transfer.

SG overfill plant sensitivity calculation

with multiplier of 3 on interracial heat

transfer.

Nominal MSLB plant calculation with

break area = steam line area and

pumps an.

Nominal MSLB plant calculation with

break area = TBV area and pumps on.

MSLB plant sensitivity calculation with

0.001 mullipllcr on interfaci~l drag in SG

secondaries. pumps on. and TBV area.

MSLB plant sensiLlvity calculation with

1000 multiplier on interfaclal drag in SG

secondaries. pumps on. and TBV area.

TMI plJnt benchmark calculation.

Nominal SG overfill plant calculation,

10% wetting fraction. transient

initiated by loss of offsite power.

SG overfill plant sensitivity calculation

with 0.1 multiplier on interracial heat

transfer.

SG overfill plant sensitivity calculation

with multiplier of 3 on interracial

heat transfer.

SG overfill plant sensitivity calculation

with 3% wetting fraction. no multiplier

on interracial heat transfer.

Nominal MSLB plant calculation with

break area = steam line area and

pumps on.

MSLB plant sensitivity calculation

with 0.001 multiplier on interracial drag

in SG secondaries. pumps on. and steam

line area.

MSLB plant sensitivity calculation

with 1000 multiplier on iilterfacl~l

drag in SG secondaries. pumps or --4

steam line area.

TMI plan benchmark calculation.

steam in the w-olld.lrics IS COOICJ by the AFW liquid Injected into lhe secondaries. and

axinl fluid terllpcr.]tllrc d;strlbu(mn. tllcrcforc. depends on the lrltcrf~cial heat-trarrsfcr rate

The ovcrflll tr,lrl~i( [It WJS ( Iwscrl hm .Iusc of the cxpc(.[cd scn>itiv~-y of tlw OTSG ~xi~l heat

lran5fcr d15trll~lJ[iorl and :~rllnilry syslcm coolflown rdtc to the intcrfa[.ial hcnt tr;lnsfcr in the

OTSG wv orl[l,lrlcs A scrws (Jf s[(.lrn g[’nm.ltor ovcrl;l[ tr,]nswnt c,]kll[~tions was pmforrncd

WIIII ‘1 I<AC l’Fj/Molll ,11111l{Ei AI]5/Mol)2 10 dct~rr]~irlc Ilm scll>,livity to Irl!crf,lc Ic]l Ilc(lt
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transfer. These calculations included a nominal overfill transient and two additional calcula-

tions with multipliers of 0.1 and 3 applied to the interracial heat-transfer coefficient between

the liquid and vapor phas~s in the OTSG secondaries. These multiplier values have been

determined to represent the e~.tremes of the uncertainty in the interracial heat transfer in

a previous study related to the Upper Plenum Test Facility (Ref. 1). An additional overfill

transient calculation was performed with RELAP5/MOD2 to determine whether the overfill

calculation results were sensitive to the tube wetting fraction.

A main steam line break (MS LB) transient was chosen to define the sensitivity to in-

terracial drag in the OTSG secondaries. In a MSLB transient the affected OTSG secondary

repressurizes and voids rapidly: during depressurization. tile flow and void distribution in

the secondary and heat removal from the primary depend strongly on the interracial drag in

the OTSG secondary. Therefore. the MSLB transient was expected to show the maximum

sensitivity of the calculated behavior to variations in interracial drag. RELAP5/MOD2 and

TRAC-PFl/MOD2 were each used to perform 3 series of MSLB sensitivity calculations. In

the RELAP5/MOD2 calculations the full steam line a:ea was used for the MSLB area: the

turbine bypass valve (Tf3V) area was used for the break area in the TRAC-PFl/MOD2 calcu-

lations to investigate the sensitivity at the lower end of the MSLB size spectrum. Each series

of calculations included a nominal MSLB calcul~tion and two additional calculations with mul-

tipliers of 0.001 and 1000 applled to the interracial drag. This range of multipliers was chosen

because the interracial drag coefficient can vary over several orders of magnitude. uepending

on the flow regime. and as an estimate of the uncertainty in the entrainment/de-entrainment

process at the tube support plates. for which no models exist. This procedure defined the

sensitivity to interracial drag over the range of steam line break sizes.

The model used for the OTSG sensitivity calculations was based on an existing model of

the Oconee plant. The model was qualified by running a benchmark calculation for a natural

circulation test conducted during startup of the TM I-1 plant. and comparing the calculated

and observed OTSG performance. This report describes the model and calculations performed

for the OTSG sensitivity study. the results of the calculations. and conclusions drawn from

the results. and provides recommendations for future thermal-hydraulic testing to characterize

OTSG phenomena.

Il. MODEL DESCRIPTION
Tile primary piping and components were based on a TRAC-PFl/MODl (Refs. 2-4)

model of the Oconec-1 plant that had been used for a Nuclear Regulatory Cor-nrnisslon (NRC)-

sponsored pressurized-thermal-shock study (Ref. 5). This model was later updated to create

a TRAc-FFl/Mo D2 Inudel

Ttle stc~rn generators wrrc modeled with two PIPE .~omponents on the primary side of

each Two chonnels made from P;PE and TEE components were used to represent each

steam gcrwrator secondary. Onc channel of the secondary and one of tlm PIPE corr. ponents it-r

the primary rcprcscntcd the portion of the steam generator al~d stc~nl-generator tubes wetted

by AFW flow. The other second.]ry channel and primary PIPE component represented the

portion of a SIC,II1l gcncr’]tor and stc,]nl-gcrlcr~tor tubes tl]~t were not wetted by the AFW.

The appor[iorllll~ of wet arid dry arc.]s W.IS m,]dc f.)asml on gllidclincs provided by fil~bcock &

WII(.OX (l)&W) (Ref 6).



A similarly nodded model was used for pretest calculations for the Multi-Loop Integral

System Test (MIST) facility. Wheii MIST data became available. we found that this model

predicted the steam-generator thermal center at too low an elevation in the steam-gene~ ator.

This caused steady-state natural circulation flows to be underpredicted and primary pressure

and hot-leg temperatures to be overpredicted (Ref. 7) In a study to determine model and

code changes that would produce an adequate steady-state for MIST posttest calculations, we

found that the two-channel secondary model did not allow sufficient steam flow between the

channels. Noding and code changes were made so ;~~t a single channel could be used for the

steam-generator secondary with two SC’S # heat. ~1?“’fer coefficients calculated. or~e for the

nominally wet tubes and one for the nc..ll,lally dr~ m~a-1 iel. ‘,Ve also found that determining t$e

heat-transfer coefficients by redistributing I ;~i= ir. tn~ ~lpper part of the steam generator from

the nom;nally dry region to the nominally wet , sgl m afid then multiplying the heat-transfer

coefficient by a factor of 1.8 for the nomiltally wet p~rticn of the steam generator produced

an adequate steady state. A model used by B&W makes similar changes for modeling the

MIST steam generators.

A developmental code version. TRAC-PFl/M@D2, has the capability to utilize a more

physically correct model for the steam-generator secondaries. The 3-D VESSEL components

can be used to model the steam-generator secondaries with generalized heat structures used to

model heat-transfer paths. This capability was demonstrated earlier with a standalone madel

that used 25 cross-sectional nodes and 19 axial levels in a detailed model of a 19-tube MIST

steam generator (Ref. 7). Since this capability produces a more reallstic steam-generator

model. we decided to utilize it for these sensitivity calculations.

A steam-generator model was developed using a 3-D VESSEL to represent the steam-

,generator secondaries. Three radial rings are used: the inner represents the nominally dry

portion of the steam generator. the middle ring represents the nominally wetted portion of

the steam generator. and the outer ring represents the downcomer and steam annulus. A cell

theta dimension of 360° was used so the model is actually two dimensional. An 1 l-level axial

noding was chosen to be consistent with noding in the model used jy IN EL.

Table Ill lists the hydrodynamic components by number. description. type. and number

of cells. There are 62 hydrodynamic components, 210 3-D fluid cells. and 228 I-D fluid cells.

Figure 1 shows the noding of the reactor vessel, Fig. 2 steam generator A. Fig. 3 the A-loop.

Ill RESULTS
The results of the mapping. overfill. and MSLB sensitivity calculations. and Three Mile

Island (TMI) benchmark calculation performed with TRAC-PFl/MOD2 are described in the

follGwing subsections. For the BCM mapping calculations. the results define the BCM heat

transfer as a function of the tube wetting fraction and level in the primary side of the OTSG.

The results of the sensitivity calculations quantify the sensitivity of the calculated plant be-

havior to the varied parameters. The calculated results provide a basis for determining the

importance of correlations for the varied parameters by deflnlng the sensitivity of key calculated

variables such az primary system pressure and primary cooldown rate.

A. AFW BCM Mapping Sensitivity Calculations

13Cbl kcribs a OTSG condition w,th ccmdcns~tlon occurring in the primary side of

ttle tul)cs ~t an clcv~tion where there is Iiquld contact wlttl tllc secondary side of the tub’s

8



TABLE Ill

TRAC-PFl/MOD2 PLANT MODEL COMPONENT DESCRIPTIONS

Component Component Number of
No. Description Type Cells

1
11
12

13

14

15

16

80

90

81

91

50

60

70

100

102

103

105

104

106

108

130

184

144

190

110

:20

112

122

114

124

146

148

150
<r 2

;;5

Reactor vessel

Rod guide tube 1

Rod guide tube 2

Rod guide tube 3

Rod guide tube 4

Rod guide tube 5

Rod guide tube 6

Accumulator-a connection

Accumulator-b connection

Accumulator zero fill

Accumulator zero fill

Pressurizer

Pressurizer PORV

PORV boundary

A hot leg

A hot-leg to OTSG connection

A OTSG primary inlet plenum

A OTSG wetted primary tube bundle

A OTSG dry primary tube bundle

A OTSG primary outlet plenum

A loop seal

A OTSG secondary shell

A AFW nozzle and line

A steam line

A main feedwater line

Al reactor coolant pump

A2 reactor coolant pump

Al cold leg

A2 cold leg

Al HP!

A2 HPI

A @TSG steam line

A turbine stop valve

A steam Ilne boundary

A steam line SRV fill

A AFW fill

VESSEL

PIPE

PIPE

PIPE

PIPE

PIPE

PIPE

PIPE

PIPE

FILL

FILL

PRIZER

VALVE

BREAK

TEE

PIPE

PLENUM

PIPE

PIPE

PLENUM

TEE

VESSEL

PIPE

PIPE

PIFE

PUMP

PUMP

TEE

TEE

FILL

FILL

TEE

VALVE

BREAK

FILL

FILL

12x2x6

4

4

4

4

4

4

1

1

1

1

6

1

1

20

2

1

13

13

1

10

11X.3X1

1

1

1

2

2

9

9

1

1

7

1

1

1

1



TABLE Ill Cont.

TRAC-PFl/MOD2 PLANT MODEL COMPONENT DESCRIPTIONS

Component Component Number of

No. Description Type Cells

188

200

202

203

205

204

206

208

230

284

244

290

210

220

212

222

226

228

214

224

246

248

250

252

285

288

A MFW fill

B hot leg

B hot-leg to OTSG connection

B OTSG primary inlet plenum

B OTSG wetted primary tube bundle

B OTSG dry primary tube bundle

B OTSG primary outlet plenum

B loop seal

B OTSG secondary shell

B AFW nozzle and Ilne

B steam Iil,e

B main feedwater line

B1 reactor coolant pump

62 reactor coolant pump

61 cold leg

62 cold leg

62 cold leg with leak site

Small break boundary

61 HPI

62 HPI

B OTSG steam line

B turbine stop valve

B OTSG steam line boundary

B OTSG steam line SRV fill

B AFW

B MFW

FILL

PIPE

PIPE

PLENUM

PIPE

PIPE

PLENUM

TEE

VESSEL

PIPE

PIPE

PIPE

PUMP

PUMP

TEE

TEE

TEE

FILL

FILL

FILL

TEE

VALVE

BREAK

FILL

FILL

FILL

1
12

2

1

13

13

1

10
11X3X1

1

1

1

2

2

9

3

7

1

1

1

7

1

1

1

1

1

In BCM. the heat-transfer coefficient is high on both sides of the tubes and the primary-to-

secc~dary he~t-transfer rate IS limited by the heat conduction capacity of the tubes. AFW

BCM occurs in an OTSG when the AFW is active arid the water level in the primary side

of the tubes is Lelow the AFW inJeCtion elevltion In ACW BCM, the tube surfaces wetted

by AFW in the seccmdary are adJ~cent to higher temperature vapor inside the tubes. The

heat-transfer rate in the AFW’ 13CM depends on the surface area available for condensation.

which is determined by the AFW wetting fraction and the primary level.

Eight BCM mapping sensitivity calculations were performed for O 26.0.787.1.5.10.25.
50. and loo~o” tube Wr?ttlng fractions Each calcul~tion was a series of steady-state calculations

10
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LOOP A

Fig. 3.
A- loop nodalization.

at different OTSG primary levels. The calculated total primary-to-secondary h~at transfer from

the RCM mapping calculations is shown as a function of the wetting fraction and primary level

in Fig. 4. The BCM mapping calculations were performed with the primary pressure maintained

at 11.99 MPa (1739 psi~) and the secondary pressure maintained at 6.99 MPa (1014 psia):

tlwsc are typical pressure values during periods of BCM in plant tr~nsient predictions. At

these conditions, the results of the mapping calculations i~idicate that the BCM condensation

heat transfer is irpproximatcly 75- 85% of the total primary-to-secondary heat transfer. The

remainder of the heat transfer results from steam cooiing of tube surfaces not wetted by the

AFW arm from heat transfer below the secondary pool.

The results of tlic BCM rlli}pping calc[jli]tions show that high primirry-to. secondary hcat-

transfcr rates are pnssiblc in f3CM and that the steam generators can rcrnove a significnrrt

fr~ctiorl of tllc core power during 13CM. Fig. 4 also shows that the 13CM hrmt-transfer rate

incrcnscs irln]ost Ii:wnriy with wetting frnction. At the Iirrgw wutting froctions, howcvor. the

incrcirse in h~i]t trirnsfcr is sligiltly Icss thiln Iinonr. indicating that the hcnt transfer may be

Iimitd by onc of tllc film cocfficicllts ddjm:crlt to the tube surfaces r;ltlwr tll;lrl Iimilcd hy lhc

conduction capi]cily of the tubes,

The rcsutts of the DCM rli;~ppirl~ c;lk.ult]lions dcrmm~lr, ~tc [Iw stror!g scrrsitivity of the

~i]l~(lli)tcd f3CM Ilc,lt tr;lnsfcr to tllc assurllml wcttil]g fr,lctior] i)t](l Icvct m;lirlt.limvl irl tllr

pri’l];lry side of IIIC Ilihos. Ill pl,ltlt ( ,11:Ill,lliolls, Ilow(’vrr, IIIC ~(vlsitivity to w(~ttill~ fr,lcti(]ll

is grc;~lly rodllccd tm ;]uw: tlw pririi,]ry Icvrlh ,Irc ,Illw. fcd by LIIC II(1M hc.]t tr;]rlsfcr. Tlw

(.orl(ltiil~,ltioll” hc,~t tr,lll~fvr dllrin~ IICM rvllll( vk flw l)rc+~llrr of Ilw v,lpor irlsi(!v III(I ~Ir,IIII

[~rrlf!r,]tor tul)rs. ,]llowiry; III(! liqui~l to riw irl ltw Iul)rs. 11111%ru[lll[ irl~ 111[:kllrf,l[ (’ ,]rv,~ ,Iv,lil,lld(’
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fig. 4.

AFW BCM steam-generator heat transfer vs wetting fraction.

for condensation. The sensitivity of BCM effects to wetting fraction in plant calculations,

therefore, is largely ofTset by the self-limiting nature of BCM.

B. Steain-Generator Overfill Sensitivity Calculations
A stcirm-generator overfill transient was chosen to d~monstrate the sensitivity of cal-

culiltcd results to variations in Iiquid. vapor intcrfacidl heat transl’er in the stenm-generator

sccondariusm The overfill sensitivity calculations were assumed to be initiated by a loss of

of[sitc power with a subsequent failure of the secondary high-level limit signals, In this tran-

sient, ilw steam gc[lcriltor sccond,lrics are overfilled by the AFW and the primary is cooled

by Ililtilfdl circulation. Dllring the overfill process, some of the vapor in the secondaricu is

condcnscd by the AFW while the remaining vapor is compressed by the rising secondary liquid

Icvcl. Tl}c tcmpcr;lturc of the liquid pool irl the sccondilrics and corrcsprmding prirnirry hcnt

removal ri~~c du[ illg llw mmt [ill d{.llmds on lhc intcrfflc. i~l heat transfer in the secondaries.

I{rsulls ~.~l(ul.ltcd for Jll overfill tr.lrl$icllt, llwmforc, drc cxpcx Icd to hc sensitive 10 vnri,llions

in il]tmf,lcit]l Iuvt tronkfcr in the sccxmflwics,

l’hrw hlcilm generator mrcrfill cnlculalions wore pcrf(lrmml 10 dclcrminc tlw srnsilivily of

the calcul.ltcd rcsultk to vtlri.ltions ill intcrflwilll ‘w.][ trilnsfor. 1 Iw lhrcc c.]lclll;~lions in( Imlml

n I)JSC Cil!l C with rw (.tl.lrlg(?s to lIIC Il(?, )t trill l!if Cr c.ouflici{flll illld tW() sorlsilivily c~l( Ilt,lliolls,

ollc wilh S]nwl[iplicr 0( 3 ,llld ollc wi(ll ,1 multiplier of ().1 ,ll~ldic(l (0 tlw iltl~’fla]t,i.il hc,]t tt,lnklm

irl III(: St(’,)111 grlwrcltor s’(.orlflilri(*%. A wvttil~l{ lr.~( Iiotl of 10’% w.i% Uwtd for CJCI1 ( III( lll~lliorl



TABLE IV

STEAM-GENERATOR OVERFILL CALCULATION CONTRCILS

Core power Steady state: 2568 MW

Transient: Switch to power vs time curve at beginning

of transient

Main St~ady state: Vary main feed to maintain secondary boiler

feedwater section level at 5.5283 ft

Transient: Ramp steady-state flow to zero in the first

5 s of the transient

AFW flow Steady state: off
Transient: Use AFW flow vs secondary pressure, do

not shutoff on high level, 5 s delay to

simulate main feedwater pump coastdown

at beginning of transient

Steam line connected in series to VALVE and BREAK component

(pressure boundary condition: same as TMDPVOL in RELAP5)

Steady state: Constant BREAK pressure = 917 psia:

VALVE open

Transient: Atmospheric [3REAK pressure; VALVE starts

to open at 1025 psia, full open at 1085 psia

HPI Actuate at 1515 psia. do not throttle or terminate

PORV open at 2465 psia, CIOSC at 2415 psia

Core flood Dcactivalc(f (won’t open in ttlis transient)

t~nk

Primary punl~:s Stca(ly Stdtc: Ccmstant Sll(!(!d 154.18 r.ld/s

Steam flow
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Pritllilry and A-1oop secondary pressures for overfill calculations.

7,07 MPa (1025 psia) and the TBVS opened, causing the secondary pressures to decrease at

about 60 s as slmwI\ in Fig. 5. Shortly after this time the Tt3Vs closed cm low sccond~ry

pressure and rcmi]incd closod in all three overfill calculations. Af’tcr the TF3VS closed, Fig. 5

shows thirt the sccolld~ry pressures rccovcrm.f to just below the T[3V set point at 100 s and

thcIl gr,ldu.llly dccrc;lscd for the rcnlnindm of the ~Jlculilt imls, [)uring tllc secondary pressure

rrc,ovcry from 60 to 1(10 s, Iwilt W,IS rcmovwf from the prim; lrics and IIW primdry prcssuros in

FiR, 5 dccrc,]scd,

After the Tf3Vs closml at 60 s, the sccond;lry prc~suliziltirm r;ltc in the overfill ciJlcu

li~lions dcpcndml on the intcrf(]c.ii]t I]ci]t Ir,lrlsfcr nllllliplior. With a mullip!icr of 3, stcdm

cm]dvn~cd Ilmrc rtll~i(lly OII tllc AFW il~jcctcd in the top of [IN! su:ondilrics, illld tl)(! sccolldt]ry

pru~~uriz,ltiol] WJS slow~’r. TIM slower prcssuri~.ltion witl~ Llw m~dtiplicr of 3 rcsidtcd in nmrc

fl,l~llil~l! ill tllc M’( (N](lqlr y pools .ltld Illoro prinhlry Iwdl rrwmvdl. As J rc~ult. the prill~,~ry

plc~~lirc dcrrc,~<mt nlorr fronl 60 to 100 s ill ri~ 5 with tlw nmltildim of 3, Aftrr 100 s.

tlw Iw,lt rcIIlov, Il r,llr dlllillg IIw Slt’illll ~t’lwr.llor ovcffill wil~ ,ll)l~rf)xill~ill(’ly Cqlllll to llw (ore

poww dnd Ilw ~)lilll.lry ,Illfl WfOllIliIfy l)rr~~llrr~ ~t,ll)ilim~l ill JII !Ilrw ovrllill (.,llculilliolls. 1 INS

ovurlill r,~lr WiI~ kli~lllly lli K1wr wit)) Itw fllllltiplicr 01 3 I)m ,IIIw ill Illis Ca)su Itwr(! wJ< rlu)rc

SItI,IIII (.olt(l~’tls.lliotl” 011 IIIC Al W wlli( II rd~m’d III(’ w 01)(IJI% l)rr~~llit! (l”i~, !)) ,ItI(l ,IIIOW(’11

.I hip.lmr Al W injw ~i{m r.~{r.

“1Ilr fr\IIll\ of III(I ovrrl ill ( ,11(Itlilliotlf (olllittll 11)0 (IRI){I( 1(111\l’ll\ilivily to v,lli,lliollf ill

111:’illlrlf,l( i,ll lItIiIl Ir.lll’lf{’r ft~l llli~ lylIr 01 lf,lll~it’111 ,11111 111(11( ,II(s 111,11 llIr 111.lp.llitll~h* (II 111(’

+l~ll.,II IvIly i% v(~fy \IIImIll III ,Itl(lilitlll, Ilvillwl IIIIB lt(IwIIf {~l}VflIlV~l IVl III~ vl)lvo (l)O1(V) %(*I

I](]illt of 11,()() MI’,1 (74[,’J 1]”.i,~) II(II III(I Ilil!ll l)IILI,I.1111~ilijl: Iitlll (111’1) \~II l~{~ill[ (~1 1[1,4’J M1’iI

1!)



(1515 psia) were approached in the calculations. If either of these set points had been reached

because of a variation in the interracial heat transfer. the sensitivity of the results would have

been greatl~ increased. At the end of the overfill calculations, the secondaries were liquid full

and the primary was in stable natural circulation. If the calculations were extended further,

this situation would be expected to continue with subsequent TBV openings to remove decay

heat and minor changes in the primary and secondary pressures.

C. MSLB Sensitivity Calculations

A MSLB transient was selected to show the maximum sensitivity of calculated results

to variations in the interracial drag in the steam-generator secondaries. The interracial drag

variations represent the uncertainty in the. entrainment/de-entrainment process at the tube

support plates. In a MSLB transient, the steam generator affected by the steam line break

depressurizcs rapidly and eventually loses all of its liquid inventory. During depressurizatiorr

the flow and void distributions and primary heat removal rate in the affected steam-generator

secondary are highly dependent on the interracial drag. The calculated primary and secondary

responses are therefore very sensitive to interracial drag h-r PI MSLB transient,

The M5LB calculations performed with TRAC-PFl/MOD2 assumed a steam line break

area equal to the TBV area (approximately 3°A of full steam line area). The three MSLB

sensitivity calculations performed with TRAC-PFl/MOD2 were a base case with no irlterfacial

drag changes and two sensitivity calculations, one with a multiplier of 0.001 and one with a
multiplier of 1000 applied to the drag. A wetting fraction of 10% was used for each of the

calculi] tions and the calculi] lions were termirmtcd well after the period of steam-gvnerator

blowdown ~r~d prinlirry coolrlown. The controls for the MSL13 sensitivity calculations are

shown in Tat]lc V.

At the bcginnlng of the MSL13 calculations. the reactor power decay was started and

the TSVS were assumml to CIOSC in 5 s, Figurn 6 shows that the primary and secondary

pressures decreased r~pidly during ttw 5-s TSV closure period at the beginning of the base

c,~sc MSL[3 c,~lcul~tion After the TSV w,ls fully clwmd, tllc Sccon(.fi]ry pressures recovcrcd

illl(l tile priflli]ry col)til}ucd to doprcssuri~c at a Iowcr rate.

The Aloop (ill~cctcd 1001)) stc,lm gcrmrator dcprcssuri:mi after 20 s, bccausc of the

stc,)nl Iinc l)rc,)k, until ,]pproxiln~tcly 100 s when tllc stc,lm flow dccr~i)sd to the AFW flow

ill this loop (Fig, 7), Alter this tinm the A loop st~~iilil gcncr,ltor prcssurt. rcm,~irwd st,lblc urltil

3(10 s WIICI1 tlw ArW wi)s il~sillllt:d to bC tcrlt,illtltcd by ;]I1 ~i)l~;i]tor ,]ction. TIN: A loop stc;lm

p,orwr.]tor tlIcIl dvl~rrssurimd to rw,lr ntllmsphuric prcsstlrc in tl)c ;II)SCIICC 01 AFW illjrv. tiorl

(Fig. G).

‘1 IN; II ltNq} str,llll [!rllrr,lt(~r ~]rcssurc in ~i~. 6 rw ovcr(’[t to 5,3 MI)(I (769 pti,~) ;Iftcr

tllr T SV (.lo~IJro ,It 5 s ,111(1tllrrl }:ril(lll.llly (1{*(rc.)~tvl I)m,lii+v nl 11111 coolirl~ rlim[s of tllfI

ArW illjc(.ti(]n. At ,ll)l)rt)xilll,~t[’ly 250 s, ttlr II loop” SIf~,IIII ~~~~l]vr,ltor W,lS ilc,lrly rrfill(l(i to

tlI(Y G. 10 III (70 II) lli~!ll lvvtIl ~(It I)tjil]t ,111(Itlw AI” W Ilt}w l)r~,,lr~ to (Iw rc,l~o ([i~. 8), Witl~

ttlc r(!tllit [I(I Al W ll(~w, III(I 1! lo~)I} YI(I,IIII }:vtwr,ltm ~)r[’~sllrr (1{1(r{!,lsf!(l ,It i) rcdu(.cd r,]fc ,lflrr

?50 s, r(’,~( llill~! J rt~illitlillllt v.IIIIr of 4,/ Ml), I (()[]7 lj+i,~) ,11 370 ~. Alt IIr 320 s, ~i~, 8 ~liow~

tl~,lt II1oI[: w,)% VIIIy 11111(1Al W Iltjw ill tll~~ II l(~ol) ttr,lltl ~rtwr.lt~)t ,11~[1tlIi! sv(orl(l.lry ~)rf’~~llrr

ifl I II{, 6 illt tI.Js(I(l Ior tlw rrlllclill[l[’r (d llIt* ( Jlt Ill,lli(m.

I Iw l}riri~,lry I}lttt’,lirv irl III(I Mfil II l)J\r (,I\r ( .;I( 111.llit~llW(I% p,(wt’rlltt(l Ill,lirlly I)y tllv llf*iIt

IrIII(IV,Il ill III(S A lo~ql (. III(v tvfl 1~1~)1))‘)111.1111p.rrwr,lt(~r. I II(- I]filtl.lry IIt’llri’+%llriz{’(1 hlf’,lflily



TABLE V

MSLB CALCULATION CONTROLS

Core power

Main

feedwater

AFW flow

Steam flow

HP I

PORV

CFT

Prlrll,lry punlps

Prr%surlzcr

Il(!,l[crs

T[*rnuIi(Itc

[ ,11(ul,l[l[)ll

A loop = affected loop for steam line break

B IOOP = unaffected loop

Steady state: 2568 MW

Transient: Switch to power vs time curve (MIST power

decay curve) at beginning of transient

Steady state: Vary main feed to maintain secondary boiler

section level at 5.5283 ft

Transient: off
Steady state: off

Transient: Vary AFW to maintain secondary boiler section

(A [OOp) level at 20 ft. terminate AFW at 5 min

Steam line connected in series to VALVE and BREAK component

(pressure boundary condition: same as TMDPVOL in RELAP5)

Steady state: Constant BREAK pressure = 917 psia:

VALVE open

Transient: Atmospheric BREAK pressure: VALVE remains

(A IOOP) open

Transient” Atnlosphcric BREAK pressure. VALVE CIOSCS in

(I3 loop) 0.4 s aflcr beginning of transient. then stdrts to

open at 1025 psia. f[lll open at 1085 psi;]

Actu,]tc at 1515 psia, do not throttle or termin~te

Open ;]t 2465 psi~. close at 2415 psia

Dc,lctiv,]tcr.1 (wonmt open in this transient)

Strcldy St,ltc Const,lllt speed 13823 r.ld/s

Tr.lil\it’rlt” coll%(Jllt Spml 131123 r.~d/s

011 wllcrl ~)rc~%urc below 1975 ~)si,l

Wllifl wv orldmlrw~ fllll (.lll~)IoxiIil,ItI.ly 1000 s)



-J-”

.-. -.

Primary and

5GG

w.

...,

M (s)

Fig. 6.
secondary pressures fc.r MSL!3 base case

.-.

a.

.

!, h!.. ,..,.

● —+0

.
4.... ..ar.

I...- (-)

Fig. 7.

j:(.llfmr.ll[lr ll{lw~ t(~r Mi

,, A “1 ‘w

. A %IIAM II

. A AIW

#... ,,.,. “... ml,.,

1’ 11.}%1’I ,1~(.



14w

mo

moo

Boo

too

400

G B-WW

● B-Sl~ fL

- B-ArW

‘1.–“”Y
o — ● - –—-—~ -~v— -w—<

i
-zoo 1- 1

u ~.
?Uo Mu 401J 500 600 .mo Mro 9G0

Tima (s)

Fig. 8.

B-1oop steam-generator flows for MSLB base case.

at 300 s in the MSLB base case calculation were determined by the magnitude of the primary-

LO sccomldry heat-transfer rate in the A-1oop: these arc the parameters that are sensitive to

vmiations In the illtcrf~cial drag in the OTSG secondaries

The MSLB sensitivity calculation results show that when the intcrfircia[ drag is reduced.

griwita[ional scparatmn of liquid and virpor is increased in the OTSG secondaries. With in-

crcmscd ptlasc scpar~th-r. the AFW Dcnctratrs Iowcr in the affcctcrf steam generator. resulting

In a higher stcarn hne void fraction (Fig. 9) and Increased primary h~ar removal. Figures 10

and 11 SI1OW tll,]t during the O to 300 s period when tlw AFW was actlvc in the affected loop

(A loop) steam gener,]tnr. the prlnl,,ry d~prcssuriz,]tiorr rate was markedly incrcascd when n

0.001 multlpllcr W.IS used for the lrltcrf,]ci~l dr~g. and reduced slightly when a value of 1000

W.IS uscd for tllc nlllltlpllcr Cull t~~rison of Fig\ 611 irlso S11OWSthat the overall trends of

tllc MSLII ~crl~,tlvlty c,II( ul.l[mrls were slnlilfir althollgll [Ilc }{1’1 W,JS activ,ltcd at 85 s wtlcrl

ltlc O 001 rmllllpllw W.IS wmd (Fig 10) hc[ ,IUSC of [he Iowcr prmlary prwsurc c,ilculatcd

TIIC I}r,III,IIy rt”llrc%~llritrrl ●Ic.IilIly ~ftcr 300 s In the MS I H c,ll(-ul,l[lorls whorl AFW W.IS

[crnllrl,llisd Ill IIIC A I[}op. rrsillls of tlIP (.Jl[. IIl,IIIml\ SI1OW [11,]1 tl]c rc[~rc+sllril,lli(~rl .ltc W,ls

scrl~ltlvr to 111(*II Itr-rl,I[ IJI dr,lg After 300” s the Af_W rcrn,llrlrd JCIIVC ir] tlw II loop until tllc

II loop ~tr.1111 ~r’rwril[or w’( orldilry wJ\ lIlhd to tlw G 10 m (70 ft) hIgll Icvcl set point Thr

~Jrlnl,lry r(’l~r(,+~llrll,l[;~)tl r,llf. W,I% lrl(.rc~,l~cd (jllritl~ tlll~ I)[”rlo(l wllrrl ttw irllrrf,l(.r,ll dr 1~ W,I\

rr~lll( (’(l ([-I~:\ 6 1 1) WI III 1(.~~ [Ir,lg ,11111Itlorp ~r~),lr,lliorl III llIrI II loop sm orld.lry tllr VOIII

II .I( 11011w,I+ Illt:ll(’r ,II)IIVI” IIIC 11()~11Irl llIts II 111(11)\IIt f)ll[l,rry ,Irl(l 11141lIIScIt lr.l~l~lm ,II)(w(I Ittr

~~11111W.I\ ri=rl(l[ I.[1 1 Ilr rt.,lllr I.(I lIr,Il rl,lrl~l,.r rr~ljllr,l III Illr’ Ilifitwr jlrlrll.lry rl’[}r(’~%llrlz,lllorl

r,lll” .lllt. r :~!lo \ WI III Itlr’ () (!(11 (lr,l~ rlllllllllllr r 1 IIiI l~r,lll,try rrllrr~~llrli,’,1 I() [l~rl I I (10 M1’.I
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Fig. 11.
Primary and secondary pressures for 1000 multiplier MSLB calculation.

(2465-psia) POf?V set point in each of the MSLB calculations: Figs. 6-ii show that the time

10 PORV actuation was increased when the drag was in~reased.

The MSLB calculations show; a large sensitivity of the calculated re~ults to variations in

the interracial drag during blowdown of the affected loop steam generator. Ttie primary effect

of the drag variations was to alter !he heat removal rate ill the affected steam generator and

the primary depressurization rate. The overall trends of the three MSLB calculations were

not affected by the drag variations. although the major events were shifLed in time by the

variations. The primary and secondary conditions at the end of the MSLB calculations were

the same: the affected steam generator was vcided and repressurized. the unaffected steam

generator was refilled to the high-level set point. and the primary pressure was controlled at

the PORV set point.

D. TMI Benchmark Calculation
The TRAC-PFl/MOD2 code and nlodcl used for the sensitivity calculations were quatlfied

LJy performing a bcnchnmrk c~lcul.ltmn for a naturJl circulation test In the TMI plant In the

test. the reactor coolant pumps (RCPS) were not powered and the natural circulation flow rate

In the primary systc ITI was dctcrmincd by the OTSG thermal center elevation. Comparison d

the observed and calcIJlatcd nntur~l circulntiorr flow rote thomfore provides a rncasure CJtthe

.1(CUriJCy Of th~ Cdklll, JtCd 0T56 b:.}, I“-lOr.

Ttw TMI n,llur.]1 [.m iil.l[ion test W.IS Irllti.ltmj wi!ll [hc core power at 3.2% (81.2 MW).

III{! I?Cl’s rumllll~ ,It fllll s[)ccd. nnd ttw OTSG sw old.lry lcvcl~ Illaintaincrf at 63 m (20.6 ft)

hy III(* AFW in r M h low). TII(* Ic*t w.ts st,trtcd by trlllplrlg tllc RCI]S. d[lritlg tlIc test the
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core power was held at approximately 3.1°\0, the AFW flow was nearly constant in each loop.

and the OTSG secondary pressures were maintained by using the TBVS to control the steam

flew.

The TRAC-PFl/MOD2 calculation for the natural circulation test was run using data

ftom the test for the boundary conditions. Measured core power data were available until

900 s after the RCPS were tripped. and were specified for the power in the calculation. For the

remainder of the calculation, the power was assumed to be a constant equal to the measured

power at 900s. The measured OTSG secondary pressures were specified as pressu~e boundary

conditions and the AFW flows in the calculation were set to the measured values in ea~h loop.

In the test. the pressurizer heaters were controlled based on pressurizer pressure: the same

procedure was used in the calculation to control the pressurizer heaters based on the calculated

pressurizer pressure. The calculation was started by tripping the RCPS to allow the pump

rotors to freewheel. The TMI benchmark calculation controls are summarized in Table W.

The measured data available from the TMI natural circulation test included the primary

and secondary pressures. hot- and cold-leg temperatures OTSG secondary and pressurizer

levels, core power, hot-leg flow rate. and TBV stem position. Comparison of corresponding

parameters from the benchmark calculation showed reasonable agreement with the measured

values. The primary and secondary pressures from the calculation compared closely t= rl

measured values (Fig. 12) since the primary pressure was controlled by the pressuri~. . ‘ .tirs

in both the test and the calculation. and the measured secc]ndary pressures were . led as

boundary conditions in the calculation.

The calculated natural circulation flow in the primary system a!so compared closely with

data from the test. Figure 13 shows the total calculated loop flow. the total loop flow from

the hot-leg tlow measurements during the test. and the total loop flow determined from a core

energy balance using the measured power and fluid temperatures in the hot and cold legs. The

difference in the two total loop flows determined from test data is a result cf the uncertainty in

the hot-leg flow and core power measurements. Figure 13 shows excellent agreement between

the calculated and measured natural circulation flow rates and also indicates that the calculated

natural circulation flow rate may be at the high end of the uncertainty in the measured natural

circulation flow rate after completion of the pump coastdown at 800 s.

The most significant difference between the benchmark calculation and the test occurred

in the hot-leg temperatures. Figure 14 shows that. before 800 s. the calculated hot-leg

temperatures exceeded the test data and. after 800 s. the calculated hot-leg temperatures

were slightly below the data. This difference is consistent with the dd_ferences in the total

loop flows shown in Fig. 13 Prior to ~he completion of the reactor coolant pump cnastdown

at approximately 800 s. Fig. 13 indicates that the calculated natural circulation flow was below

the natural circulation flow in the test As a result. the fluid transit time through the core was

increased in the calculation and the calculated hot .Icg tcmpcraturcs excccded the test data

until 800 s After 800 s the situation was reversed the calcutatcd natural circulation flow

exceeded the mct]surcd flow (Fig. 12). resultlrrg In Iowcr cnlculntcd hot-fcg tcmpcraturcs as

compared to the nwasurcd V.]IUCS (Fig 14) At [hc end of tlm test at 1800 s. Fig. 13 shows

that the calculated n,]tur~t cir(.ul.ltion flow m.ltchcrl the UPP( r nwasurcd flow of 670 kg/s while

ttm Iowcr mc.lsurcd V,JIUCWJ5 410 kg/s Assuming a core
Il,ll,lncc sll~~s tll,lt if tll~ [:,]lt.ill.]tc(] 11.lt[jr,ll circ[ll.llioil

power of 3 l% (78 7 MW). an twcrgy

flow Illld bccll Illi(lwaly twtwccll tllc
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TABLE VI

TMI BENCHMARK CALCULATION CONTROLS

Main

AFW flow

Steam flow

Core power Steady state: 81.2 MW

Transient: Switch to measured power vs time curve at

beginning ~f transient

Steady state: off
Transient: off
Steady state: Vary AFW to maintain secondary levels at

20.6 ft

Transient: Use measured AFW flow

Steam line connected in series to VALVE and BREAK component

(pressure boundary condition: same as TMDPVOL in RELAP5)

Steady state: Constant BREAK pressure = 953 psia:

(A loop). 959 psia (B loop): VALVE open

Transient: Measured pressures in A and B loop BREAKS:

VALVES open

HPI Deactivated

PORV Deactivated

CFT Deactivated

Frimary pumps Steady state: Constant speed

Transient: Freewheel

= 154.18 rad/s

Pressurizer On when ~ nssure below 2135 psia during transient

heaters

Terminate At 1800 s (end of test)

calculation

two measured values, then the calculated hot-leg temperature in Fig. 14 would have matched

the measured value of 580 K at 1800 s.

In both the test and the calculation. the cold-leg temperatures (Fig. 15) remained within

15 K of the OTSG secondary st]turation temperatures after 100 s when the pump coastdown

was 90% complctc (Fig 13). TIIC overall comparison of the loop flows and hot- and cold-

Ieg fluld tcmpwalurcs in Figs 13–15 was rcason~blc: dllTcrenccs bctw.wn the nieasurcd and

calculated p~r~nlctcrs were small ~rld the same trends of.currcd in the calculation as In the

test.

The dll~crcllf m in the mc.lsurcd ilnd ct]lcul,ltcd tmt Icg ttlmpcrtlturcs in Fig. 14 were

prcd),lt)ly c.]u~cd by url(.crt,lirlty Ill Illo(lclillg tl]c low spcml TM I IIIJrIlp pcrform~ncr arid the core

I]owvr during tlm n{llllrcll (.ir(.ulrlllorl tcht The Ilolnolot;o[ls cllrvcs In tllc TRAC I]F1 /MOD2
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OTSG secondary collapsed liquid levels for TMI natural circulation test.

TMI deck arc generic curves for lowered loop B&W plants, which do not account for minor

differences in pump performance for a specific plant, More accurate modeling of the low-

spccd pump performance or pump bearing friction would probab~y improve the calculated

natural circulation flow (Fig. 13) and hot-leg temperature (Fig. 14) comparisons after the

pump coastdown at approximately 800 s. Differences between the calculation and the test

could also be explained by the uncertainty in the core power. Core power data were only

available for the first 900 s of the test: if the power assumed in the calculation after this time

were too low, then the calculated hot-leg temperatures wwjld also be too low, as shown in

Fig. 14.

The unccrtain[y in ttm mc;]surcd OTSG AFW and stcnm flows dots not appear to have

Ci]uscd diffcrcnccs bc[wccn the calcul,~tiorl and the test. The AFW flows in the test were

below the flow instrument rirngc, and the strip chnrt recordings of the AFW flnws show

osciltlltions hclwrcn O dnd 200 gpm. In addition, there were no stmrnl flow nm,]surcmcnts

durill[! the tc~t altlloIIgh the TIIV SICIII position W;l S rmwrdcd. Even tlmu~ll the maximum

indic,ltcd value of 200 gptl) w,15 used ill tllc c.]lculi]tion, tlw c;llcllltltcd OTSG sccmldilry Icvcls

dccrc, ]scd IIO1OW 11}(!nw.lsurcd Icticls (Fig 16) ;]ftcr ~lmut !)00 s, Tlw OTSG Icvol cmlip;~risoll

ill Fig. 16 indi:; ;~[cs tl);]t l)oIl~ [IIC c;ll[:lilt)[(~(l AFW flow i)lld tllo sc(.orldi]ry Icvcls were too

law, arl(l ttlcrrforc tllc (jTSG tll(’rn~al cclllcr clcv. ~tion w.)% ,)tso too” low ill tllo (:i]l(llli~!ioll, All

ilnprovcd r(!l)l(’s(:lll,lli[)ll of Itw AFW fhJvv ill Ilw { ;lh u[,llit]ll w(Nltd t[III+ illt.rwlw! Ih(! (.tlh lll,lt(!d

Ilwrllltll (rlll(!r .III(I [.oll[’~~~[)tl(lillfi IIJIIII III ( il( 111.lliol] flow, Sill( r Ilw Ilcltllrall t.il(.ld.ltioll Ilow

w.ls ,Ilrcil[ly loo Ilil!ll ill Ill!. (.iIl( Illiltioll (1 ii!, 1.3), tlifl(’lt’llt r’, Ijrlwt’rll lllr ( ,11(IIl,lti[)ll ,IIId III(*

I(ISI ( .IIIIIIJI I)v .ttltil)ll[f’(1 lo 1111(vrl.lillty ill III(I Ilw,lsllrr[l Al W JIIII ~trJIII Ilows.
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The comparison of the benchmark calculation to the natural circulation
firms that the TRAC-PFl/MOD2 code and model used for the sensitivity
calculate the OTSG behavior with reasonable accuracy. The overall trends

test results con-
calculations can
of the transition

from forced to natural circulation flow in the test were captured in the calculation, and the

differei;ces between measured and calculated parameters were small. Further qualification of

the code and model would require additional experimental data over a wider range of operating
conditions.

IV. CONCLUSIONS
The matrix of sensitivity calculations and parameter variations was chosen to define

the sensitivity of the calculated OTSG and primary system behavior to variations over the
range of uncertainty in parameters representing phenomena in the OTSG secondaries. ‘rhe
results of the calculations confirmed the expcctcd sensitivity and quantified the effects of

the parameter variations on calculated primary and secondary behavior, The results thus
provide information for determining whether additional experimental data are needed in order

to improve the accuracy of calculated OTSG behavior. That determination. however, is beyond
the scope of this study.

The results of the BCM mapping calculations show that the condensation heat transfer

during AFW BCM is neariy proportional to the assumed tube wetting fraction, This sensitivity

indicates a need for data to characterize the AFW tube wetting profile. In plant calculations,
however. the condensation heat transfer during BCM reduces the vapor pressure inside the

tubes, allowing liquid to rise in the tubes and thereby reducing the condensation surface area,
This is, therefore, a self-correcting phenomenon. Also, if the O TSG and/or primary system

are not rejecting the core heat, then the primary system inventory in a small-break loss-of-
coolant accident would continue to dcplc[e and expose more surface area for condensation,
The need for wetting profile data is somewhat diminished by this self-limiting/self-corrcctirlg
characteristic of BCM in plant transients.

Three steam-generator overfill sensitivity calculirtions were performed which included ir

base case with no intcrfacial heat-transfer changes and two scrwitivity calculations, onc with

a multiplier of (),1 and onc wi[h a multiplier of 3 applied to the irltcrf,]cid hctit transfer in

the OTSG secondaries. The results of the overfill sensitivity c;llculdtions showed that the

prirnirry hct]t rcrnovill r~tc incrcwx.f with incrcascd irltcrfaci~l hcdt trimsfcr, ilS cxpcctml, hut

the nwgniludc of the scnhitivity wiIs very srnail.

lntcrf,~ciid hcirt trwlsfcr in the OTSG Sccortdilrics Wi]s vJricd in tlw MSLII sensitivity

ci]lcul;ltions, The three MSLf3 ~alculiltiorw irwludcd ~ Imsc c,isc c,llcul~timl with no intcrfm:i,ll

dr,ig chnrlges iIml sensitivity mlcul~tions with nlultiplicrs of (),0()1 iir](l 1(WO for the drag. The

v,lriiltio~]s in irltc’rl;lci,ll dr.lg irl the PJSL H c.llcul.ltimls rc~prowwid not or:ly tho um:rvt,lint y in

tlw liquid v,tpor dr.rg cocfli(:innl. but ill~() unccrtJinty in the rnt]~,nitudo of llw cflc[ts of the

ct]tr@]il]ri]t’flt/(l(l crltrdinnwnt procc%s irt Itw tulm support pLltcs imd cross flow ilt tlm rxit ill

the OTSG ~c( olld,lric~. TIM r(:hults of t tw MS I l! c,dcul,]tioll~ SIK)WWI il I,ltgc s(qll~itivit y ill tlw

(Ii” SG bvll,rvior ilml prirrmry ro~ponw IU v,~ri,l!irm~ ill ir)tmf,l( i,ll dr,l~. IJ,I+(N1 or] t Iww rmults

Jrld rmult~ (JI 111[:ovrrl illccll(.lill~liml~, rxpmillwnl,l d,lt,l to cIl,lr,lr,twizr inlorl.1( ill dt.i~ and

111(:t:i]tr,llllrll{*llt/(liz vnlr.linnwlll l)ro( (I\~ (for wlli( II no rlmtlvli rxi+t) ,Iro nmvlvd rrlcvr Ilhlll

d,lt,l to [ Il,lr,lt tvrim illt(ltl,lt i,ll Iw.lt tr.~ll~lrr.



The TRAC-PFl/MOD2 code and model used for the sensitivity calculations were qualified

by performing a benchmark calculation for a natural circulation test in the TMI plant. Results

of the calculation indicated that the calculated natural circulation flow rate was within the

uncertainty of the measured flow rate and, therefore, that the OTSG thermal center elevation

was accurately calculated for the conditions in the TMI test. Further qualification of the code

and model would require additional experimental data for a wider range of conditions.

The decision of whether additional experimental data are needed to characterize OTSG

behavior must ultimately be based on an evaluation of the existing experimental data base

and the accuracy of current calculations of OTSG behavior vs the desired accuracy of the

calculations, The following observations are provided to assist in defining facility needs, if the

decision is made that additional experimmtal data are needed,

The OTSG behavior is calculated in TRAC-PFl/MOD2 using models and correlations

for microscopic physical phenomena. The models are evaluated by the code for CCIIS and

junctions rcprcscnting small regions of the OTSG secondary. The typical OTSG nodalization

forces the code to average microscopic proccsscs that occur sirnultancousty within a cell such

as falling film and dispersed droplet heat transfer at tube surfaces, localized effects of the

tube support plates in the presence of fully dcvclopcd flow in the t~lbe bundles, and turning

flows that cause some of the droplets to dc-cn!rain on the tube sur ‘~-cs, On the other hand.

some of the proccsscs in the secondary, such as AFW tube wetting, occur over krrgc regions

rnodclcd by several CCIIS.

There arc tllrec 1].~sic methods for ir]lprovirig the accurwy of OTSG cirlcul~tions. First,

additioncll d~tir could bc obtllirwd to better ctlilractcrim tlw nlicroscopi~ physic all phcrmmcna

or to characterize plwrmr~]cn,l for wllicli there i]rc no di]t~, sucli as dc- cr]trairlrlwnt of droplets

ilt the tul)c support pllltcs. With illlprovml (:!l,lr,lclcriziltion of nlir.roscoi)ic phcrmmcrl.1, Slllilllcr

cells could bc used for ;] more mxur.llc rr[)rcscllt,]tiorl of the phcm~llwl];] in rode (ill~llliltiolls.

Ttli\ ,Ipprom;ll would usc scp,]rntc clf’ccis test fm:ilitirs to obt,lirl d,lt~ for microscopic ptm

normma. The S(KOII(I method wouhl hc to develop irltc~r,ltcd corrcl.ll ions thi]t ir~uludc tlw

cflccts of scvcr,lt ~)lwm)llwna]. l“his nwt hod would inlprovc tlw .~ccur.](.y of OTSG c,llcul,lt iorls

k.ilhout rcquirirlg llw usc of srnilllcr cclts illl(l would ;11s0 usc scpg]rdfc cl fccts test fdcilitics,

Tlw third nwthod is to usc i] l,lr~c S( ,lIc test f,lcility to ol)t,~irl di]tt] to ch.]r,tctcrim tl~c hctmv

ior of iI Ii]rgc rvgiol~ of tllc sm;olld,]ry wlIrIl ,] rlm:row:opic pro( vss is t ,~kir~~ pl,)( r, dcvulop il

corruld]tiori from tllc d,ltal, illl(l include ttlc corrcl,ltion ilS (:0(1(!option,

If cillwr 111(! fir~t or sw.olld rtwlllods ilr(! choscrl, d l,lr~i’ s( ,11(! 1(’s1 I,l(ility woill(l still

I)c rmc(fcd to verify tllall tltc corrrllltioll ilt~l~rnvolllcllfs h,l%od 011 sol).lrc~lu rflm:ls t,l[ility d,lt,l
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